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A B S T R A C T
This paper reports a study of thermal oxidation induced embrittlement in several polyethylene grades diﬀering
mainly by the broadness of the molar mass distribution (ranging for lower than 3 to more than 30). Thermal
oxidation was monitored at macromolecular scale (Gel Permeation Chromatography, Diﬀerential Scanning
Calorimetry) and macroscopic scale (tensile tests). As expected, the samples undergo predominant chain scission
and plastic deformation is suppressed below a critical molar mass value (M’C). Even though this latter was
previously reported to be independent of the initial weight average molar mass, it is shown here that it depends
on initial polydispersity index. Samples were also shown to undergo chemicrystallization, i.e. that segments
released by chain scissions migrate into the crystalline phase with a yield increasing with initial polydispersity
index. Finally, the main novelty of this work is to evidence that the previously proposed end-of-life criteria at
macromolecular level linked to loss of ductility (critical molar mass, crystallization yield) depend on the initial
polydispersity index.
1. Introduction
Polyethylene (PE) mechanical, thermal and rheological properties
allow it to be used in a large range of application areas (packaging,
automotive…). Organometallic catalysts were developed to produce PE
with well-deﬁned structures (average molecular mass, crystallization
degree, etc …) [1,2]. Oxidation mechanisms [3], kinetics [4] and the
subsequent loss of ductility, often so called embrittlement (even if this
term is rather linked to the loss of toughness instead of ultimate elon-
gation) [5] are well documented in literature together with the detri-
mental role of metallic polymerization catalysts on oxidative stability
[6].
Polymers with excellent mechanical properties are needed to over-
come environmental stresses. In order to reach higher mechanical
properties for speciﬁc applications, PE with high molecular weight had
been commercialized [7,8]. The main drawback of high molecular
weight PE's is their high melt viscosity which limits their processability.
Some novel polymerization technologies have been developed to pro-
duce bimodal grades of polyethylene, i.e. made of two major chain
length populations leading thus to a higher polydispersity index. The
presence of high molecular weight chain induces improved mechanical
properties and low molecular weight fraction makes process easier.
To the best of our knowledge, there is no information in literature
about the degradation of bimodal PE's, about the eﬀect of polydispersity
on the oxidation induced loss of ductility and about the possible con-
sequences of the presence of the two chain length populations on the
end-of-life criteria. In these previous studies [5,9], it has been proposed
that plastic deformation is suppressed when the weight average molar
becomes lower a critical value, the critical molar mass (M’C) whatever
the initial molar mass value (MW0). For the PE family, it has been
witnessed that the M’C value associated to the ductile–brittle transition
is spread over the 40–100 kgmol−1 molar mass interval. However, in
this approach, the inﬂuence of initial value for the polydispersity index
(PDI0) and/or the initial molar mass value MW0 on M’C has not been
taken into account.
The aim of this paper is hence to study the homogeneous thermal
oxidation of lowly and highly polydispersed PE's and to focus on the
macromolecular and mechanical changes. For that purpose, ﬁve PE
grades were selected based on supplier data sheet, with a MFI value
acceptable for extrusion and varying polydispersity index (assuming
that high dispersity leads to high weight average molecular weight).
2. Materials and methods
2.1. Materials
The samples are listed in Table 1 with their designation, initial
macromolecular and mechanical properties (measured as detailed in
∗ Corresponding author.
E-mail address: emmanuel.richaud@ensam.eu (E. Richaud).
T
the following). The ﬁve PE grades investigated here diﬀer by nature of
polymerization catalysts, initials number and weight average molar
mass (Mn0, Mw0), initial polydispersity index (PDI0) and crystallinity
ratio (Table 1). MWD measurements were performed by GPC during the
oxidation process. Some rheological experiments were also performed
to measure the Newtonian viscosity in molten state (200 °C) to conﬁrm
MW0 values. As it is shown in Table 1, a good correlation was witnessed
between the MW0 values obtained by GPC and ones obtained by the
rheological way. Vinyl index were measured by FTIR from the
910 cm−1 absorbance. The presence of short chain branching was es-
timated from the ratio of absorbances at 1370 to 1450 cm−1 (NB: It was
chosen to consider the whole area of the absorbance in a ﬁrst approach
since there are actually several maxima for the absorbance centered at
1370 cm−1 [10]).
Samples were studied as 15 μm thick ﬁlms in order to avoid the
complications linked to the so called Diﬀusion Limited Oxidation
[11,12]. Films were obtained by blown-ﬁlm extrusion with a single
screw extruder (25mm diameter, 20D) at 30 rpm, under a temperature
proﬁle between 200 and 240 °C, a 50mm diameter blown die, 0.8 die
gap and an air cooling device.
In order to focus only on the inﬂuence of microstructure on PE
thermal oxidation and not on stabilizers initially introduced, ﬁlms were
puriﬁed by reﬂuxing about 300mg of PE ﬁlms in a dichloromethane
(VWR reference 23354.326) solution (250mL) during 24 h. The total
extraction of stabilizer was checked from the disappearance of Oxygen
Induction Time value measured at 200 °C.
2.2. Exposure conditions
Films were aged at 100 °C in ventilated ovens (SCS), this tempera-
ture being chosen as a compromise between a high oxidation rate and
an oxidation in a solid state i.e. below the onset of the melting peak.
2.3. Characterization
2.3.1. Gel permeation chromatography (GPC)
GPC analyses were performed using an Agilent HT 220 system
equipped with a refractive index (RI) detector in 1,2,4-trichlorobenzene
(TCB) stabilized with 0.0125% BHT at 135 °C as mobile phase with two
PLgel Olexis columns (Agilent Technology) as stationary phase. PE
ﬁlms were dissolved in TCB (about 3 g L−1). The elution method con-
sisted in an isocratic step at 1mLmin−1 ﬂow of TCB for 30min at
135 °C. The calibration was done with polystyrene (PS) standards.
Molar masses were then estimated using the universal calibration with
K=12,1×105 dg L−1 and α=0,707 for PS, and K=40,6× 105 and
α=0,725 for PE [13].
GPC chromatograms shown in Fig. 1 for the polymers before ex-
posure allow for the number and weight average molecular weight (Mn
and Mw) and polydispersity index (PDI) assessment. Samples PDI range
from 2.7 to 33.0. As expected, the narrower distributions (or lowest
PDI0) correspond to materials made from metallocene catalysts [14].
2.3.2. Diﬀerential scanning calorimetry (DSC)
Analyses were performed using a Q1000 (TA Instruments)
calibrated with indium standard. About 5mg samples sealed in stan-
dard aluminum pans were heated from−50 to 200 °C at a 10 °C min−1
ramp under N2 ﬂow (50mLmin−1). The percent crystallinity was
classical assessed from:
=x ΔH
ΔHC
m
m100 (1)
where ΔHm and ΔHm100 are respectively the melting enthalpy of the
investigated sample and the melting enthalpy for an ideally 100%
crystalline PE sample, which is equal to 288 J g−1 [15].
2.3.3. Tensile tests
Tensile tests were carried out at room temperature on Instron® 1301
machine equipped with a 1 kN cell load; the cross-head speed was
1mmmin−1 on samples with dimensions according to standard
ISO527-2 (1BB). As a result, nominal strain rate was 8.3 10−3 s−1. Only
nominal strain at break values (εR) was reported with varying ageing
times since it was shown that strain at break is the most relevant
parameter to monitor the residual ductility as a function of ageing
duration for these highly ductile polymers [16]. At least 5 measure-
ments were done for each sample.
3. Results
3.1. Mechanical properties changes
Fig. 2 displays the changes of strain at break of sample with ex-
posure time. All samples exhibit a similar behavior: ﬁrst an induction
period followed by a sudden decrease of strain at break. The time to
ultimate properties loss can be deﬁned as the onset of strain at break
decrease. Its duration is undoubtedly related to the content in residual
double bonds, short chain branching, in link with the nature of metallic
catalysts [6] and unstable groups generated from the processing stage
[17]. However, this will not be discussed here in the sake of conciseness
Table 1
Sample designation and initials macromolecular and mechanical properties experimentally determined.
Sample Name Nature of
catalysta
PDI0 Mn0 (GPC)
(kg mol−1)
Mw0 (GPC)
(kg mol−1)
Mw0 (rheo.)
(kg mol−1)
εR0 (%) χc0 (%) Vinyl index
(A910/A2017)
Branching index
(A1360/A1450)
PE2.9 m 2.9 27.0 81.0 75.6 909 ± 182 53.0 0.08 3.20
PE3.4 m 3.4 39.0 133.0 130.4 869 ± 25 65.7 0.07 4.91
PE5.1 m 5.1 29.5 149.0 158.0 682.8 ± 13 43.5 0.05 2.13
PE14.5 ZN 14.5 16.0 283.0 249.1 488.2 ± 10 56.6 0.23 3.99
PE33.0 Phillipps 33.0 14.0 463.5 321.5 526.0 ± 41 47.8 1.93 2.69
a m=metallocene catalyst; ZN=Ziegler-Natta catalyst; Phillipps= Phillipps catalyst.
Fig. 1. GPC chromatograms of initial PE samples.
since this paper rather focuses on the structure properties relationships
involved in PE thermal oxidation (NB: moreover, the link between for
example the presence of short branching and end-of-life criteria in
terms of structure-properties relationships presented in this paper is for
us unclear). It was also checked that the induction period durations
(from the mechanical point of view) are consistent with those observed
for carbonyl build up as monitored by FTIR spectroscopy.
3.2. Molar mass changes
By assuming that the depletion of strain at break originates from the
decrease of molecular weight, it was previously established that when
molar mass is decreased above a critical value, the polymer can be
considered as “brittle” i.e. does not display any plastic deformation
anymore [5]. In other words, a critical molar mass can be associated to
ductile-brittle transition during the oxidation process. Fig. 3 shows the
changes of the normalized average molecular weight Mw/MW0 as a
function of the exposure time. It appears that, after an induction period,
the molar mass drops indicating a predominant chain scission process
for all samples. By comparing the Figs. 2 and 3, it is noteworthy that the
molar mass drop is witnessed before the strain at break drop for a given
polymer.
PDI changes were followed for all samples at diﬀerent exposure
times in Fig. 4. Two main behaviors can be easily observed:
- On one hand, PDI values of highly dispersed samples (PE33,0, PE17,5
and PE5,1) decrease [18] and reach a plateau value close to 5.
- On the other hand, PDI values of low dispersed samples (PE2,7,
PE3,4) slightly increase, probably due to crosslinking (as it will be
discussed later) and reach a plateau value close to 4.
As a result, PDI tends towards an asymptotic value close to 5
whatever the PDI initial value as it will be discussed later.
The changes in number and weight average molar masses allow for
an assessment chain scission (s) and crosslink (x) formation as follows
[19]:
− = −
M M
s x1 1
n n0 (2)
− = −
M M
s x1 1
2
2
w w0 (3)
According to those equations, the concentrations in chain scissions
and crosslinking can be easily determined. They are plotted in Fig. 5.
One can ﬁrst notice that scissions are 5–6 times higher than crosslinks
consistently with [5].
According to Eqs. (2) and (3):
Fig. 2. Strain at break changes during thermal ageing at 100 °C.
Fig. 3. Changes of normalized average weight molar mass during thermal ageing at
100 °C.
Fig. 4. Polydispersity index (PDI) changes during thermal ageing at 100 °C for PE2.7,
PE3.4, PE5.7 (a) and PE17.5 and PE33 (b).
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Since s and x are proportional (Fig. 5), on sees that IP tends towards
4 ± 1 if s/x= 7 ± 1 at high conversion degree (i.e. consistently with
the Fig. 4).
It appears also that PE33,0 seems to undergo more crosslink than
other PE grades for a given chain scission number. The most probable
explanation for us is its highest concentration in double bonds
(Table 1), those latter being able to react with radicals generated by
oxidation mechanism [20]. However, as recalled in Ref. [5], the con-
centration in crosslinks necessary to observe the loss of ductility (for
example in radiochemically aged PE) is much higher than observed in
Fig. 5. As a result, we will consider that the mechanism of ductility loss
is governed by the chain scission process even if initial PDI value can
modify the macromolecular end-of-life criteria for the ductile-brittle
transition.
3.3. Crystallinity changes
Some mechanical properties can also be related to changes in
crystalline morphology. In Ref. [9], we have proposed that the em-
brittlement (oxidation induced loss of plastic deformation) can be as-
sociated to crystalline morphology changes: the chain scission lead to
an increase of crystallinity by a lamellar thickening. This lamellar
thickening then contributes to decrease the thickness of amorphous
layer between crystalline lamellae governing the interlamellar con-
nection. Knowing the ductile-brittle transition can be driven by the
interlamellar connection, an increase of oxidation induced crystallinity,
often called chemicrystallization, can thus lead to embrittle the semi-
crystalline polymers.
Crystalline morphology changes were here followed from the
melting peak of aged samples, which allows the crystalline ratio to be
estimated. As expected, DSC analyses show that percent crystallinity
increases during thermal aging (Fig. 6) whereas the melting peak shape
and melting point temperature do not signiﬁcantly change (see
Appendix).
4. Discussion
Despite all PE's under investigation seem to perish by a decrease of
their molar mass induced by chain scissions, Fig. 4 suggests some dif-
ferences between them. Knowing that the narrower molar mass dis-
tributions seem to broaden whereas the initially broad ones turn nar-
rower, the main aim of this discussion is hence to comment the possible
eﬀects of polydispersity on the mechanisms responsible for the loss of
plastic deformation of PE by investigating:
- the existence of end-of-life criterion such as the “critical molar
mass” value delimitating the ductile and the brittle domain.
- the mechanism of chemicrystallization also expected to be involved
in the loss of ductility of semi-crystalline polymers with amorphous
phase in rubbery state.
4.1. On the eﬀect of initial polydispersity on “critical molar mass” (M’C)
As previously mentioned a decrease of molecular mass comes from
chain scissions occurring during thermal oxidation and involves the loss
of ultimate mechanical properties, leading to loss of ductility. Previous
studies highlighted that a critical value of molecular mass (M’C) is
characteristic to the loss of ductility [5,9,16]. The compilation of strain
at break – molar mass data from various authors (irrespectively of PE
microstructure, aging history, processing conditions, strain rate, mole-
cular weight …) lead to that M’C= 70 ± 30 kgmol−1 [9]. It was also
assumed that this value depends in a ﬁrst approach only on the nature
of the polymer and that for semi-crystalline polymers with amorphous
phase in rubbery state: M’C= 50.Me, Me being the average molar mass
between entanglements [5] and equal to 1.4 kgmol−1 for polyethylene
[21]. To check out this scenario, strain at break values were plotted as a
function of MW in Fig. 7. The M’C value (70 ± 30 kgmol−1) is con-
ﬁrmed here in the case of the initial narrow molar mass distributions:
for PDI0= 2–3.5, M’C= 40–80 kgmol−1 (Fig. 7).
Fig. 5. Changes of number of crosslink as a function of chain scission number during
thermal ageing at 100 °C. Fig. 6. Percent crystallinity changes during ageing at 100 °C (estimated from Eq. (1)).
Fig. 7. Strain at break versus weight average molar mass during thermal ageing at 100 °C.
However, it seems also clear that polymers characterized by the
broadest molar mass distribution (PDI> 5) display a higher critical
value M’C as conﬁrmed in Fig. 8 where M’C values are plotted as a
function of the initial polydispersity index for samples under in-
vestigation. Contrarily to the proposal according to which M’C is almost
the same for a given polymer family [5], M’C is shown to increase
signiﬁcantly with initial polydispersity index (from about 40 to
160 kgmol−1). In other words, the presence of very long chains favors
the plasticity but this is compensated (at least in part) by a greater
sensitivity to oxidation induced chain scissions. Let us recall that the
probability that a chain undergoes a scission is equal to Mn0.s, Mn0
being the initial molar mass and s the chain scission concentration,
which means that longest chains are statistically much more sensitive to
chain scissions than shortest ones. In the light of these results, poly-
dispersity can be recognized as the main impacting factor on M'c (NB: at
least in the case of commercial PE's comparable to those presented in
Table 1) meanwhile the (ﬁctive) case of samples made of very dispersed
population of very short chains being initially brittle will not con-
sidered here. It was thus chosen to study it eﬀect on oxidation more in
details.
4.2. On the eﬀect of initial polydispersity on chemicrystallization
Chain scissions are responsible for increase in percent crystallinity:
it is generally accepted that during ageing of a polymer having its
amorphous phase is in the rubbery state, short segments generated by
chain scissions can integrate into the crystalline phase. This chemi-
crystallization phenomenon [22] can be characterized by its yield (y) as
deﬁned below:
=y
M
dx
ds
1 ·
m
C
(5)
Where Mm is the molar mass of the repetitive unit. When monitoring
crystallization degree during thermal ageing, one can clearly observe an
increase (Fig. 6). The chemicrystallization yield can be calculated from
Eq. (5). If the order of magnitude is well consistent with ones found in
Ref. [23], it was observed in Fig. 9 that this value increases linearly
with the initial polydispersity index. One can hence conclude that in
polydispersed PE, high molar masses population is mainly aﬀected by
oxidation, and the resulting chain segments would be more likely to
undergo crystallization.
4.3. On the eﬀect of polydispersity index on end-of-life criteria
Last, we were interested in the inﬂuence of crystalline morphology
on the loss of ductility. It was proposed that semi-crystalline polymers
don't show macroscopic plastic deformation when molar mass becomes
lower than the critical molar mass M’C but this value is inﬂuenced in
part by the crystalline morphology. The decrease of thickness of in-
terlamellae amorphous phase (la) is indeed also involved in the loss of
ductility and la has to be higher than a critical value to allow the de-
velopment of plastic deformation in samples [9]. This leads to a mixed
end-of-life criterion M’C – laC, which was illustrated for example in the
case of polyamide 11 [24]. In the frame of the same approach, we have
plotted the percent crystallinity vs the average molecular weight (Mw)
in Fig. 10 for all the ageing time (NB: the reason why we use crystalline
ratio instead of thickness of interlamellar amorphous phase are ex-
plained in Appendix). This latter calls for the following comments:
- samples with molar mass higher than a critical value and crystalline
ratio lower (or thickness of interlamellar amorphous phase higher
than a critical value) are ductile.
- samples with molar mass lower than a critical value and crystalline
ratio higher (or thickness of interlamellar amorphous phase lower
than a critical value) don't show macroscopic plastic deformation.
According to Fig. 10, the boundary between the two domains would
be shifted depending on the initial polydispersity index but this remains
to be conﬁrmed in forthcoming study.
Fig. 8. M’C value for PE grade with various initial polydispersity index.
Fig. 9. Chemicrystallization yield versus initial polydispersity index.
Fig. 10. Percent crystallinity versus molar weight. Open and colored symbols correspond
respectively to a “brittle” and ductile behavior; arrows mark the transition between these
two behaviors.
5. Conclusions
In this paper, the loss of plastic deformation induced by thermal
oxidation of several polyethylenes diﬀering by their initial micro-
structure, molar mass and polydispersity index was studied. From a
macromolecular point of view, chain scissions were always shown to
predominate. This phenomenon leads to a decrease of molecular weight
and an embrittlement when molar mass turns lower than a critical value
(denoted by M’C) deﬁning lifetime. This latter was expected to be
constant for a given polymer family, i.e. almost “universal” for all PE's.
Here, this study performed on a range of samples with narrow or wide
molar mass distribution showed that M’C and the chemicrystallization
yield, i.e. that end-of-life criteria, depend on the initial broadness of
molar mass distribution. It seems that bimodal (highly polydispersed)
PE are designed to be easily processed and reach high mechanical
properties but the high polydispersity makes them sensitive to low
concentration chain scissions induced by oxidation (which means that
an eﬃcient antioxidant package has to be envisaged). It means also
that, despite the “quasi universal behavior” of polyethylene towards
oxidation (from a kinetic point of view) [4], the end-of-life criterion is
here strongly dependent of the chosen PE grade.
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Appendix. Changes of melting temperature with exposure time
Changes in melting temperature are given in Fig. 11. Melt temperature changes display only very moderate changes (almost 1 °C which can be
considered as falling in the incertitude of the DSC apparatus). We stress on the fact that during ageing, the crystal/amorphous interface energy is
expected to change. Assuming that such changes occur mainly at high conversion degrees (in terms of polar products build-up) and that interface
energy remains constant in the induction period, the calculated value of lC would increase by about 1 nm for each PE under investigation. However,
having in mind this strong hypothesis, and given the diﬃculty to perform SAXS analysis on very thin ﬁlms (15 μm), we decided to consider xC (from
DSC) as the most reliable description of the semi-crystalline morphology (Fig. 10).
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